Secretory proteins traffic from the ER to the Golgi via COPII-coated transport vesicles. The five core COPII proteins (Sar1p, Sec23/24p, and Sec13/31p) act in concert to capture cargo proteins and sculpt the ER membrane into vesicles of defined geometry. The molecular details of how the coat proteins deform the lipid bilayer into vesicles are not known. Here we show that the small GTPase Sar1p directly initiates membrane curvature during vesicle biogenesis. Upon GTP binding by Sar1p, membrane insertion of the N-terminal amphipathic ␣ helix deforms synthetic liposomes into narrow tubules. Replacement of bulky hydrophobic residues in the ␣ helix with alanine yields Sar1p mutants that are unable to generate highly curved membranes and are defective in vesicle formation from native ER membranes despite normal recruitment of coat and cargo proteins. Thus, the initiation of vesicle budding by Sar1p couples the generation of membrane curvature with coat-protein assembly and cargo capture.
Introduction
The continuous exchange of proteins and lipids between compartments of the secretory pathway is mediated largely via transport vesicles. Vesicles are formed through the concerted action of cytosolic protein coats, which must perform the twin tasks of capturing cargo proteins and molding the membrane into regions of high curvature.
The various trafficking steps in the secretory pathway are mediated by distinct sets of coat proteins. Newly synthesized proteins that are destined to be secreted are transported from the endoplasmic reticulum (ER) to the Golgi via COPII vesicles, whereas retrograde traffic from the Golgi occurs via COPI vesicles. The clathrin coat combines with various adaptor proteins to mediate transport between the trans-Golgi network (TGN), endosome, and vacuole, as well as endocytosis from the plasma membrane.
Assembly of coat proteins on the membrane is gen- The Sec23/24p dimer forms a bowtie-shaped complex with a concave surface enriched in basic residues that is likely to make extensive contact with the underlying membrane, potentially facilitating membrane deformation (Bi et al., 2002) . Strikingly, the shape of this concave face appears consistent with the curvature of a typical COPII vesicle (Bi et al., 2002) . Electron microscopy analysis of Sec13/31p suggests a flexible, elongated assembly (Lederkremer et al., 2001; Matsuoka et al., 2001 ). Sec13/31p may act as a structural scaffold to gather adjacent Sec23/24p complexes into a coat lattice, thus concentrating cargo proteins and propagating membrane curvature.
Of the major classes of vesicle coat proteins, the best characterized system in terms of membrane curvature is that of endocytic clathrin-coated vesicles. Although clathrin itself has an intrinsic ability to assemble into spherical cage-like structures, it is thought that acces- Here we investigate the roles of the COPII coat subunits in generating the membrane curvature required for vesicle biogenesis from the ER. We find that two distinct mechanisms appear to be employed to produce vesicles of defined geometry. Sar1p alone can extensively deform synthetic liposomes into narrow tubules in a manner that depends on the insertion of the N-terminal amphipathic helix into the membrane. Conversely, when the tubulation activity of Sar1p is abrogated, membrane recruitment of Sec23/24p and Sec13/ 31p results in the formation of spherical buds that remain associated with the donor membrane and appear unable to undergo fission. Our results suggest a model whereby GTP bound Sar1p initiates localized membrane deformations that are likely "captured" by electrostatic interactions between the lipid bilayer and Sec23/ 24p and propagated upon Sec13/31p recruitment.
Results

Sar1p Deforms Membranes in a NucleotideDependent Manner
To investigate whether Sar1p can directly initiate membrane curvature in the absence of the other COPII proteins, we incubated purified Sar1p with synthetic liposomes and examined the end product by thin-section electron microscopy (EM). Synthetic membranes composed of neutral and acidic unsaturated lipids (majorminor mix; Matsuoka et al., 1998) were first prepared by extrusion through a 400 nm polycarbonate filter to generate a liposome population of relatively uniform size.
Liposomes incubated with 5 M Sar1p and GDP were virtually indistinguishable from the starting material ( Figures 1B and 1C) . However, addition of Sar1p with either GTP (Figure 1A) or the nonhydrolyzable analog GMP-PNP (data not shown) resulted in the striking transformation of large spherical liposomes into long, narrow tubules. These tubules were often contorted or kinked and extended up to 1 m in length ( Figure 1A We speculated that membrane insertion of the N-terminal helical domain of Sar1p, rather than the global conformational change in Sar1p that results from GTP binding, was essential for generating membrane tubulation. Sar1p lacking the N-terminal helix (⌬23-Sar1p) was unable to deform liposomes into tubules regardless of nucleotide, presumably because it was not recruited to the membrane (data not shown). In order to distinguish the roles of the N-terminal helix in membrane binding and deformation, we generated liposomes supplemented with 5 mol% of the Nickel-chelating phospholipid, DOGS-NTA-Ni, to allow recruitment of hexahistidine-tagged proteins (Kubalek et al., 1994 In the absence of Sar1p, Ni-liposomes were largely spherical and unilamellar ( Figure 2C ) and appeared similar to normal liposomes ( Figure 1C) . Addition of wtSar1p to the Ni-liposomes resulted in extensive tubulation in the presence of GTP ( Figure 2C ). In contrast, ⌬23-Sar1p was severely impaired in its ability to gener- (Figures 2A  and 2B ). Morphometric analysis of tubule formation indicated that the extent of tubulation was proportional to Sar1p concentration and that ⌬23-Sar1p was consistently less efficient than wt-Sar1p at membrane deformation ( Figure 2D ). We note that at higher Sar1p concentrations, proportionally less ⌬23-Sar1p is membrane bound; however, a distinct difference in tubulation efficiency between wt-Sar1p and ⌬23-Sar1p is still observed at lower Sar1p concentrations when approximately equivalent amounts of protein are recruited to the membrane. As a test of the possibility that the hexahistidine tag may interfere with tubulation, we incubated liposomes with a tagged version of wt-Sar1p, and observed no significant difference in the tubulation activity of tagged and untagged wt-Sar1p (surface density of 17.1 versus 16.9, respectively, for 5 M protein).
The residual ability of ⌬23-Sar1p to tubulate membranes may reflect additional interactions between the "core" of Sar1p and the membrane or may be a nonspecific consequence of recruiting any hexahistidinetagged protein to the Ni-liposome surface. We examined this latter possibility by incubating Ni-liposomes with a hexahistidine-tagged version of the small G protein Ran (His-Ran), which unlike Sar1p does not possess an N-terminal amphipathic helix. His-Ran was only recruited to liposomes supplemented with DOGS-NTANi (data not shown) and generated little if any tubulation. The surface densities of tubules generated by 1 M and 2.5 M of His-Ran were 0.2 and 0.48, respectively, compared with 0.52 and 1.23 for the equivalent concentrations of hexahistidine-tagged ⌬23-Sar1p. These results suggest that ⌬23-Sar1p may have some residual ability to deform membranes, but that penetration of the Sar1p helix into the lipid bilayer is necessary for efficient membrane curvature. To Ni-liposomes we added both hexahistidine-tagged Sec23/24p and Sec13/31p in the presence of a relatively low concentration (1 M) of either wt-Sar1p or ⌬23-Sar1p or with no Sar1p added. In the presence of wt-Sar1p and the full COPII coat, we observed the production of coated membrane tubules, buds, and apparently free vesicles ( Figure 3A ). In the presence of the tubulation-deficient ⌬23-Sar1p, very few tubules or free coated vesicles were detected ( Figure 3B ). However, numerous spherical buds were observed in the ⌬23-Sar1p and COPII incubations despite the inability of ⌬23-Sar1p alone to efficiently stimulate membrane curvature, suggesting that Sec23/24p and Sec13/31p have an intrinsic ability to deform the membrane into spherical buds ( Figure 3B ). Relatively few buds were observed with wt-Sar1p reactions, whereas incubations with ⌬23-Sar1p produced a substantially higher ratio of buds to tubules ( Figure 3C ). Although the hexahistidinetagged Sec23/24p and Sec13/31p complexes could be recruited to Ni-liposomes in the absence of Sar1p, analysis of the morphology of these reactions was confounded by a tendency of the Ni-liposomes to aggregate (data not shown). Because the hexahistidine tag is located on the Sec24p subunit, interaction of membrane bound Sar1p with the Sec23p subunit may help to orient the complex on the surface of the liposome.
We next examined the morphology of liposomes incubated with Sar1p and Sec23/24p in the absence of Sec13/31p. Reactions containing Sec23/24p with 1 M wt-Sar1p ( Figure 3D ) displayed more extensive tubulation than incubations with either Sar1p alone (compare with 1 M wt-Sar1p in Figure 2D ) or the full COPII coat ( Figure 3C ). This may reflect an ability of Sec23/24p to stabilize or enhance Sar1p-generated curvature and the subsequent consumption of tubules into vesicles upon Sec13/31p addition. Importantly, in incubations with ⌬23-Sar1p and Sec23/24p ( Figure 3D ), few buds were observed in comparison with reactions containing the full COPII coat, indicating that Sec13/31p is required for the formation of budding profiles.
Uncoupling the Coat-Recruitment and MembraneBending Functions of Sar1p
We next asked whether the recruitment of high levels of Sec23/24p and Sec13/31p to microsomal membranes could bypass the need for Sar1p-initiated membrane curvature during vesicle budding. To circumvent the coat-recruitment function of Sar1p and permit the use The ability of each combination of COPII components to generate vesicles was examined by assessing budding of the cargo protein, gpαf ( Figure 4B ). Reactions containing wt-Sar1p and low concentrations of Sec23/ 24p and Sec13/31p (10 g/ml each) generated vesicles in the presence of GMP-PNP but not GDP ( Figure 4B ). However, when tubulation-deficient ⌬23-Sar1p was substituted for wt-Sar1p, the efficiency of vesicle formation was significantly reduced ( Figure 4B ) despite equivalent levels of COPII recruitment ( Figure 4A , lanes 1 and 3). To achieve an equivalent level of budding to wt-Sar1p reactions, ⌬23-Sar1p reactions required the addition of more than 4-fold higher levels of Sec23/24p and Sec13/31p ( Figure 4B ). The observation that inefficient membrane deformation by ⌬23-Sar1p can be relieved by high levels of Sec23/24p and Sec13/31p is consistent with their intrinsic ability to generate buds on Ni-liposomes when supplied at similarly high levels ( Figure 3B ; 85 g/ml and 100 g/ml Sec23/24p and Sec13/31p, respectively). Furthermore, microsomal membranes may be more permissive for vesicle formation than synthetic liposomes due to differences in lipid composition or the presence of additional effectors of membrane deformation. In the absence of any Sar1p, very few vesicles were produced from Ni-microsomes even at the highest concentrations of Sec23/24p and Sec13/31p ( Figure 4B ). This may reflect Sec23/24p-mediated membrane aggregation as we observed with Ni-liposome incubations lacking any Sar1p or perhaps an additional function of Sar1p that does not require the first 23 residues.
To confirm that vesicle budding rather than cargo recruitment was compromised in reactions containing ⌬23-Sar1p, we examined the ability of Sec23/24p to capture cargo proteins into "prebudding complexes." Cargo proteins can be gathered into prebudding complexes by adding Sar1p, Sec23/24p, and a nonhydrolyzable GTP analog to microsomal membranes (Aridor et al., 1998; Kuehn et al., 1998). We added hexahistidine-tagged Sec23/24p with either wt-Sar1p, ⌬23-Sar1p, or no Sar1p to Ni-microsomes. After solubilizing the membranes, the Sec23/24p-cargo complexes were isolated using Ni-NTA beads. Unlike normal microsomes, where prebudding complex formation requires Sar1p-mediated recruitment of Sec23/24p, cargo from Nimicrosomes were captured by Sec23/24p alone ( Figure  4C ). Addition of either wt-Sar1p, ⌬23-Sar1p, or Sec13/ 31p did not significantly alter the amount of the ERGolgi SNARE protein Sed5p that was captured ( Figure  4C ). The soluble cargo gpαf, which interacts with the COPII coat via a transmembrane receptor, was less robustly captured relative to Sed5p but was still recruited at equivalent levels in all reactions containing Sec23/ 24p ( Figure 4C ).
Point Mutants in the Sar1p N Terminus Diminish Membrane Curvature
We evaluated the effect of more subtle perturbations of the N-terminal helical domain of Sar1p on its ability to deform membranes. Sar1p progressively loses the ability to bind membranes as the N terminus is truncated between residues 4 to 12 (data not shown). We replaced the hydrophobic or charged residues in this region with alanine ( Figure 5A ) and first assessed the ability of the Sar1p N terminus mutants (n-Sar1) to bind to liposomes and recruit the COPII coat. Substitution of the charged residues (D 5 and R 11 D 12 ) with alanine had little impact on the membrane binding or coat-recruitment ability of Sar1p ( Figure 5B ). However, substitution of the bulky hydrophobic residues (W 4 , I 6 F 7 , W 9 , F 10 ) that would be predicted to be buried within the lipid bilayer reduced Sar1p binding to the membrane to w25%-50% of normal levels ( Figure 5B) . Unexpectedly, even the most severely impaired mutants recruited nearly normal levels of Sec23/24p and Sec13/31p (Figure 5B) . Sar1p was in stoichiometric excess over the other COPII components in these incubations, thus much of the activated wt-Sar1p was likely bound to liposomes but not to Sec23/24p. When Sar1p was supplied at stoichiometrically equivalent levels to the other COPII components, their recruitment, although low, was now proportional to the amount of Sar1p on the membrane (data not shown).
When the n-Sar1p mutants were incubated with liposomes in the absence of other COPII proteins, mutants with bulky hydrophobic residues substituted by alanine (e.g., n1-Sar1p and n3-Sar1p) were deficient in membrane tubulation compared with wt-Sar1p ( Figures 5C  and 5D ). The inability of the n1-Sar1p and n3-Sar1p mutants to efficiently generate membrane curvature may in part be attributable to an overall reduction in the amount of Sar1p on the membrane. Nonetheless, 1 M wt-Sar1p produced more tubulation than 5 M n1-Sar1p ( Figure 5D ) despite comparable membrane recruitment (data not shown). In contrast, the n6-Sar1p mutant that had the charged residues R 11 D 12 replaced with alanine displayed an intermediate tubulation phenotype, and we observed a number of pleiomorphic tubular structures (Figures 5C and 5D) . Removal of bulky hydrophobic residues may influence the "footprint" of the N-terminal domain in the membrane.
Sar1p Point Mutants Bud Vesicles Inefficiently
To correlate the ability of the n-Sar1p mutants to deform membranes with their capacity to generate vesicles, we tested the budding efficiency of cargo-containing vesicles from microsomal membranes incubated with either wt-Sar1p or each of the n-Sar1p mutants, Sec23/24p, Sec13/31p, and GTP. The n-Sar1p mutants containing substitutions of hydrophilic residues for alanine (n2-Sar1p and n6-Sar1p) were capable of generating vesicles with similar efficiency to wt-Sar1p ( Figure 6A ). However, mutants where alanine had replaced bulky hydrophobic residues (n1-, n3-, n4-, and n5-Sar1p) were more severely impaired in gpαf budding ( Figure 6A ).
To facilitate a comparison of budding efficiency with the ability of the n-Sar1p mutants to recruit COPII coat proteins and form prebudding complexes, budding reactions were performed with the nonhydrolyzable GTP analog, GMP-PNP. A subset of the n-Sar1p mutants (n1-, n3-, and n6-Sar1p) was tested at various concentrations, with the level of Sec23/24p and Sec13/31p kept constant. Budding with n6-Sar1p was only slightly lower than wt-Sar1p at all concentrations tested ( Figure  6B ). However the n1-and n3-Sar1p mutants were again more substantially impaired relative to wt-Sar1p ( Figure  6B ). At the highest concentration of Sar1p (10 g/ml), Figure 4C , and coprecipitating cargo proteins were assessed by autoradiography (
and either GMP-PNP (+) or GDP (−). Isolation of prebudding complexes was performed as in
S-gpαf) or immunoblotting (Sed5p and Sec22p).
which corresponds to an w9-fold stoichiometric excess of Sar1p over the other COPII components, budding by n1-Sar1p and n3-Sar1p was 80% and 60%, respectively, relative to wt-Sar1p ( Figure 6B ). When the COPII components were added in approximately equivalent stoichiometric amounts (1 g/ml Sar1p), budding by n1-Sar1p was 50% relative to wild-type, and the n3-Sar1p mutant was reduced to less than 20% of wildtype levels ( Figure 6B ). Thus the budding efficiency of the n-Sar1p mutants correlates with their ability to tubulate membranes.
We next assessed the ability of the n-Sar1p mutants to recruit Sec23/24p to the membrane by incubating microsomes with approximately stoichiometric amounts of Sar1p and Sec23/24p followed by sedimentation through a sucrose cushion. Each of the n-Sar1p mutants recruited Sec23/24p to approximately the levels achieved by wt-Sar1p ( Figure 6C ). Unlike recruitment to liposomes, binding of Sec23/24p to the ER membrane is likely to occur via interactions with both Sar1p and cargo proteins.
The ability of the n-Sar1p mutants to capture cargo in Sec23/24p-containing prebudding complexes was examined as described above. The SNAREs Sed5p and Sec22p, as well as gpαf, were captured with equivalent efficiency by either wt-Sar1p or each of the n-Sar1p mutants ( Figure 6D ). Thus the n-Sar1p mutants are fully functional in coat and cargo recruitment but are deficient in vesicle generation relative to their ability to generate membrane curvature.
In Vivo Analysis of n-sar1 Mutants
We examined the in vivo effects of the n1-, n3-, or n6-sar1 mutants in a yeast strain deleted for the endogenous SAR1 gene. Transformants containing integrated versions of either the n1-, n3-, or n6-sar1 mutants or wild-type SAR1 were spotted onto media containing 5-fluororotic acid (5-FOA) to counterselect against a plasmid carrying wild-type SAR1. Each of the mutant versions of sar1 was able to complement loss of the wild-type plasmid, with no appreciable growth defect ( Figure 7A ). We next compared the rates of ER export between wild-type and mutant SAR1 strains by pulsechase radiolabeling analysis of the GPI-anchored protein Gas1p, which matures during transit to the plasma membrane from a 105 kDa ER species to a 125 kDa Golgi-modified form. The maturation of Gas1p was significantly delayed in the n3-sar1 strain and more moderately delayed in n1-sar1 cells, whereas cells containing the n6-sar1 mutation did not show an appreciable trafficking delay (Figures 7B and 7C) . The steadystate levels of the Sar1p mutants were similar to wildtype, suggesting that the trafficking delay was not a result of mutant Sar1p degradation (data not shown). These in vivo results are consistent with the tubulation and in vitro budding phenotypes of each mutant.
n1-Sar1p Mutant Also Fails to Support Efficient Membrane Fission
To assess the effect of the n-Sar1p mutants on membrane curvature in the presence of the full COPII coat, we returned to the synthetic liposome system to examine the formation of tubules, buds, and vesicles. Using concentrations of COPII that were previously shown to bud vesicles from liposomes (Matsuoka et al., 1998), either wt-Sar1p or the n1-Sar1p mutant was incubated with major-minor liposomes, COPII, and GMP-PNP, and samples were examined by thin-section EM. In the presence of wt-Sar1p and COPII, coated tubules, buds, and apparently free vesicles were generated (Figure Figure 5C ). We classified these n1-Sar1/COPII tubules into two categories, thin or thick, based on a cutoff of 45 nm, which corresponds to the upper limit of tubule diameter observed with wtSar1. The thinner tubules, similar in size to those generated with wt-Sar1p and COPII, showed a lower surface density than thicker tubules (45-105 nm; Figure 8C ). The spectrum of tubules showed a distinct dense coat that was especially visible as a lattice-like structure on thick tubules, perhaps due to the large surface area presented in oblique sections (Figure 8B, inset) . Few tubules of any diameter were observed undergoing constriction despite being heavily coated ( Figure 8C ). In addition, few apparently detached vesicles were observed ( Figures 8B and 8B#) , consistent with an apparent inability of the n1-Sar1p mutant to generate sufficient membrane curvature to complete membrane fission.
We suggest that this mutant protein may create a smaller footprint in the membrane compared to wtSar1p, resulting in less displacement of the lipid headgroups and thereby a lower degree of membrane curvature. Large diameter tubules were also obtained with n3-Sar1p and COPII (data not shown). The ability of Sec23/24p to enhance Sar1p-induced tubulation (Figure 3D ) may explain the increased tubulation observed with n1-Sar1p and COPII compared with n1-Sar1p alone. Although thick tubules were not observed with n1-Sar1p alone, we speculate that the addition of COPII may concentrate n1-Sar1p to form tubules of shallow curvature, whereas thinner tubules may contain additional n1-Sar1p that would promote greater membrane curvature.
Discussion
We investigated the molecular details of membrane deformation by the COPII coat using purified components and found that the small G protein Sar1p plays a key role in directly generating membrane curvature in addition to its more established function in nucleating coat assembly on the membrane. The capacity of the Sar1p mutants to form liposome tubules correlated with their ability to generate vesicles in an in vitro budding assay and to transport Gas1p to the Golgi in an in vivo pulse-chase experiment. However, the defects associated with each mutant were less severe on native membranes than on synthetic li-posomes. Native ER membranes may possess a more optimal lipid composition or additional proteins that aid in membrane deformation. The budding defect of even the most severely impaired Sar1p mutant was partially overcome at the highest Sar1p concentrations, which corresponded to a 9-fold stoichiometric excess relative to the other COPII components. Importantly, even the n-Sar1p mutant most severely compromised for budding was not impaired in the ability to recruit the COPII coat. We found that formation of cargo-containing prebudding complexes with Sar1p and Sec23/24p was also normal for each of the n-Sar1p mutants. These observations suggest a pivotal role for Sar1p in driving vesicle biogenesis independent of its coat-recruitment function.
Mammalian Sar1 In addition to initiating membrane curvature, the Sar1p helix may also enhance vesicle fission. Unlike wtSar1p, when the n1-Sar1p mutant (W 4 A) was incubated with liposomes in the presence of the other COPII components, few constricted tubules or apparently free vesicles were observed. Furthermore, incubations containing synthetic Ni-liposomes, tubulation-deficient ⌬23-Sar1p, the COPII coat proteins, and the nonhydrolyzable GTP analog GMP-PNP generated multibudded liposomes profiles. Such structures were observed less frequently in incubations with wt-Sar1p and COPII, perhaps because membrane fission had progressed completely, leading to vesicle detachment. We have previously reported that budded liposome profiles were more abundant in samples incubated with wt-Sar1p, COPII, and GTP rather than GMP-PNP (Futai et al., 2004) . Under these conditions, the COPII coat is maintained on the membrane by the presence of the nucleotide exchange factor Sec12p, which counteracts the GTPase-stimulating activity of the coat by continually recharging Sar1p with GTP (Futai et al., 2004) We propose a model for COPII vesicle biogenesis whereby vesicle budding is initiated by recruitment of Sar1p, which drives localized membrane curvature. Membrane bound Sar1p interacts with Sec23/24p, which may stabilize the curved membranes while simultaneously recruiting cargo proteins, thereby populating highly curved membrane domains with anterograde cargoes. These cargo bound pre-budding complexes are gathered together by Sec13/31p binding, which would act to cluster the COPII coat and propagate membrane curvature to form spherical buds. This mode of vesicle biogenesis, with initiation of membrane bending through amphipathic helices, is likely to be a common feature of all coat protein-mediated transport steps. During endocytosis from the plasma membrane, this function is provided by epsin. During other transport events, another family of small G proteins, the Arf family, acts as the initiator of coat recruitment. Arf1p bears an N-terminal amphipathic helix capped with a myristoyl group that is exposed upon GTP binding (Antonny et al., 1997) . It seems likely that this Arf1p N-terminal domain could also deform membranes. Thus insertion of an amphipathic helix into the plane of the bilayer may be a universal process employed by cytosolic coat proteins to initiate membrane curvature as a prelude to full coat assembly and vesicle budding.
Experimental Procedures
Yeast Strains MLY40 was generated by PCR-mediated disruption (KanMX marker) of SAR1 in the strain YPH499 that contained a wild-type version of SAR1 on the plasmid pAS2-7 (2 URA). Cloning and integration of sar1 mutants is described in the Supplemental Data available with this article online.
Reagents and Proteins
Synthetic lipids were obtained from Avanti Polar Lipids and 35 Sradiolabeled secondary antibody from GE Healthcare. Microsomal membranes and COPII proteins were prepared as described (Shimoni and Schekman, 2002), and the cytosolic fragment of Sec12p (Sec12⌬Cp) as described (Futai et al., 2004) . The plasmid encoding hexahistidine-tagged ⌬23-Sar1p was kindly provided by Jonathan Goldberg (Memorial Sloan-Kettering Cancer Center), and ⌬23-Sar1p was purified as described (Bi et al., 2002) . The plasmid encoding hexahistidine-tagged Ran was kindly provided by Petr Kalab and Karsten Weis (University of California Berkeley; Kalab et al., 2002) , and the protein was purified by Ni-NTA chromatography. For simplicity, the concentrations of Sec23/24p and Sec13/31p are given in molar units of heterodimer. For comparison, 10 g/ml protein is equivalent to w470 nM, 53 nM, and 58 nM of Sar1p, Sec23/ 24p, and Sec13/31p, respectively.
Preparation of Liposomes and Binding of COPII Proteins
Liposomes (major-minor mix) were prepared essentially as described (Matsuoka et al., 1998) except that 1 mol% of Texas red-PE (Molecular Probes) was substituted for NBD-phospholipids. "Niliposomes" were composed of major-minor mix supplemented with 5 mol% of DOGS-NTA-Ni (Avanti Polar Lipids).
Recruitment of COPII proteins to liposomes was performed in HKM buffer (20 mM Hepes-KOH, pH 6.8, 160 mM potassium acetate, 1 mM magnesium chloride), and the results were evaluated by floating liposomes through a sucrose step-gradient as described in Miller et al. (2002) , unless otherwise indicated. Lipid recovery was normalized by quantification of fluorescent lipid, and bound proteins were analyzed by SDS-PAGE and Sypro-red staining (Molecular Probes). Due to a tendency of Ni-liposomes to aggregate during the flotation step, we centrifuged binding reactions at 150,000 × g for 20 min after which the liposome pellet was rinsed with HKM buffer, centrifuged again, and resuspended in 0.1% SDS. Liposome recovery and bound proteins were analyzed as above.
Liposome Morphology and Electron Microscopy
In reactions containing Sar1p alone, liposomes (100 g/ml) were incubated with various concentrations of Sar1p (either wt-Sar1p, ⌬23-Sar1p, or n-Sar1p mutants) and 0.2 mM GTP in 100 l HKM buffer at 25°C, 30 min. The nonhydrolyzable GTP analog, GMP-PNP, was used for incubations containing Sec23/24p and Sec13/ 31p. After incubation, samples were processed for EM essentially as described (Matsuoka et al., 1998) .
The surface density of buds, vesicles, and tubules was estimated from calibrated (76,000×) micrographs of thin sections using the multipurpose test system M168 (Weibel, 1979) . The diameter of tubules was measured with a graduated reticle. Data were expressed as Mean ± SEM.
Tryptophan Fluorescence
The change in the tryptophan fluorescence of Sar1p that accompanies GDP-GTP exchange was assayed essentially as described (Antonny et al., 2001 ), except that reactions were performed in a 100 l cuvette with manual mixing. Reactions contained Sar1p (1 M), Sec23/24p (105 nM), Sec13/31p (90 nM), and the cytosolic domain of Sec12p (Sec12⌬Cp, 20 nM) where indicated.
Preparation of Microsomes Containing DOGS-NTA-Ni Lipid
Microsomal membranes (1.5 mg) were diluted in 2 ml B88 buffer (20 mM HEPES-KOH, pH 6.8, 250 mM sorbitol, 150 mM potassium acetate, 5 mM magnesium acetate) and mixed gently on a stirplate. DOGS-NTA-Ni lipid (37.5 g) was added slowly from a stock solution (4 mg/ml in methanol) and allowed to incorporate for 5 min. The microsomes were then centrifuged at 16,000 × g for 3 min and washed twice with B88 buffer prior to translocation of 
Pulse-Chase Analysis
Pulse-chase analysis was performed essentially as described (Kurihara et al., 2000).
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